Slugs were restricted to nutritionally variable diets or given a choice.
Introduction
Optimal foraging theory predicts that animals have evolved foraging mechanisms that maximize their fitness [1] . The traditional approach to optimal foraging has centered around finding sufficient food, how long to reside in one patch before moving on to search for a more lucrative one, and trading off foraging behavior against the risk of predation. These studies have typically focussed on the acquisition of a single currency, often energy [1] . However, an increasing number of studies have shown that animals will actively regulate their intake of specific nutrients and that the composition of nutrients rather than the total amount determines consumption and performance [2] .
The Geometric Framework for Nutrition has over the years proven to be a powerful tool to disentangle the interactive effects of specific nutrients on animal feeding behavior [2, 3] . It has also been applied to study physiological regulation of specific nutrients after ingestion [4, 5] , and the most recent trend has been to link specific nutrient intake to performance [6, 7] . Whereas nutritional geometry has now been applied in different areas of research including conservation [8, 9] , obesity [10, 11] , aging and lifespan [12, 13] , and immune function [14] , the framework has not been applied in the context of describing the nutritional requirements and balancing capacities of invasive species. This Physiology & Behavior 122 (2013) [84] [85] [86] [87] [88] [89] [90] [91] [92] would provide insight into the behavioral and physiological mechanisms that these animals possess, which might explain some of the reason why invasive species thrive in novel environments where food objects are often novel as well.
The slug Arion lusitanicus Mabille 1868 (synonym: Arion vulgaris Moquin-Tandon 1955) has spread rapidly over the last two decades and now occurs as an invasive species throughout northern Europe [15, 16] . The slugs are considered a major pest, causing damage to agricultural and horticultural plants with reductions of crop yields by up to 50% [17, 18] , and are listed as one of the most important invasive animals in Europe [19, 20] . The species was recently described to be robust and have a high phenotypic plasticity as it continued reproducing under environmentally challenging conditions [21] . It furthermore has high impact on ecosystem dynamics by consuming and out-competing other species [22, 23] . In addition to the common notion that A. lusitanicus deter large amounts of plant material, the slugs are observed to feed selectively when provided with a buffet of different species of plants [16, [24] [25] [26] [27] , indicating either nutrient balancing behavior or detergent avoidance. Using artificial diets, another common pest slug, Deroceras reticulatum, was shown to forage selectively for nutritionally complementary food after nutritional restriction [28] . They did so regardless of added detergent content in the diets, supporting the view that slugs forage to balance their intake of nutrients.
We used nutritional geometry to analyze the nutrient balancing behavior and the consequences of specific nutrient intake for growth and body composition in juvenile A. lusitanicus. We then investigated postingestive nutrient regulation by analyzing the efficiency of incorporating specific ingested nutrients into body tissue. Our study provides basic information on the nutrient balancing behavior and physiology of A. lusitanicus and thereby on the nutritional requirements and plasticity of this invasive species.
Materials and methods

Animals and housing
Adult A. lusitanicus were collected at a single site in Aarhus, Denmark, in late August and allowed to lay eggs in the laboratory. All hatchlings emerged within a span of a few days. They were maintained in an incubator at 5°C and a 12 h light:12 h dark regime and provided with carrots, cucumber and dog food for 1 month until the start of experiments. Three days before experiment start, all food was removed and the temperature was raised to 18°C where it remained during the experiments. At setup, all slugs were weighed to the nearest μg and distributed at random to experimental treatments. During experiments the slugs were housed individually in transparent plastic boxes (15 cm length, 10 cm width, 5 cm height) containing a water saturated sponge to maintain 100% humidity and a piece of white chalk to ensure coverage of calcium requirements.
Experimental design
A no-choice and a choice experiment were conducted simultaneously over eight weeks using three semi-synthetic diets ( Table 1 ) manufactured in pellet form by Altromin GmbH (Germany). A full ingredient list for the diets is presented in Table S1. In the no-choice experiment, a total of 45 slugs each received only one of the three diets throughout the experiment, while in the choice experiment a total of 30 slugs were each given the choice to feed from two of the three diets (three dietary combinations) throughout the experiment. Since we found no effect of diet on survival (no-choice: χ 2 = 0.56, df = 2, P = 0.76; choice: χ 2 = 1.40, df = 2, P = 0.50), slugs that died during experiments were excluded from the analysis. After mortality that occurred during the 8 week feeding period, our final sample sizes were 7 slugs on the 9%P diet, 11 slugs on the 31%P diet and 12 slugs on the 48%P diet in the no-choice experiment and 8 slugs on the 9%P vs. 31%P diet pair, 10 slugs on the 9%P vs. 48%P diet pair and 7 slugs on the 31%P vs. 48%P diet pair in the choice experiment.
Experimental procedures
Diet was provided by the start of the experiment and renewed every seventh day. Diet was provided on a glass dish (19 mm diameter, 5 mm height). In the choice experiment we placed each glass dish with diet inside an inverted Petri dish lid (35 mm diameter, 5 mm height) to prevent diet mixing. Diets were kept in a drying oven at 60°C for at least three days before weighing and were weighed to the nearest milligram on the glass dish before and after the seven day feeding period. Any feces were removed from the glass dishes before weighing. Diet intake was calculated as the difference in diet dry mass before and after feeding, and specific nutrient intakes were calculated using the known proportions of protein and carbohydrate in the diets. All slugs were weighed by the end of the experiments. They were then left for two days without food to discard gut contents before they were again weighed and killed by freezing at −20°C.
Body nutrient analysis
Each slug was dried at 60°C over four days and weighed to the nearest milligram. Lipids were then extracted during five 24-h washes in 10 ml petroleum ether. After again drying the slugs at 60°C over four days and reweighing, the lipid mass of each slug was calculated by subtracting the lipid extracted, lean dry mass from the dry mass. The slugs were then pulverized using mortar and pestle and the mass based proportion of nitrogen in a subsample of 4-6 mg pulverized slug was analyzed in a dry combustion analyzer (Na 2000, Carlo Erba, Italy). The total nitrogen content of each slug was calculated by multiplying the proportion of nitrogen in the subsample with the slug lean dry mass. The crude protein mass of each slug was then calculated by multiplying body nitrogen mass by 6.25 [29] .
Statistical analyses
No-choice experiment
We examined differences in the dry mass intake and the growth of slugs across the different diets using a multivariate analysis of variance (MANOVA) for repeated-measures [30] . In this model, we included diet (fixed effect), time (repeated measure) and their interaction. As there were three diet treatments, we ran pair-wise comparisons between the dietary treatments to determine which of them that contributed significantly to overall significant effects. One-way analysis of variance (ANOVA) with Tukey's HSD post-hoc tests were also conducted at each time period to show over which feeding periods the main differences in dietary intake and growth occurred. For each feeding period, we estimated the slope of the cumulative protein vs. carbohydrate intake array across diets (β a ) using linear regression and tested this against a hypothetical slope (β h ) of −1 using a t-test where (β a − β h ) / (SE βa ) Table 1 Nutritional compositions (mass based) of the three artificial diets used in the two feeding experiments. Ingredient compositions are presented in Table S1 . approximates a t-distribution with n = 2 degrees of freedom [31] . A slope of −1 indicates a constant combined intake of the two nutrients as well as a constant intake of energy, as protein and carbohydrate contain the same amount of energy by mass (~16.7 kJ/g). In contrast, a slope different from −1 indicates that one nutrient was regulated more tightly than the other and energy intake differed across diets. We compared the change in slope of the intake array over time using linear regression and the variation in the total intake of protein and carbohydrate using a Levene's test.
Choice experiment
We analyzed the intake of each diet in our three diet pairs in two ways. First, we used a paired t-test to compare if slugs consumed more of one diet in the pair than the other within each feeding period and in total. We analyzed the intake of diets and specific nutrients (protein and carbohydrate) using the repeated-measures MANOVA and post-hoc analyses outlined above for the no-choice experiment. Separate models were run for each nutrient. Second, we used repeatedmeasures ANOVA to examine the change in the intake of each diet per diet pair across feeding periods. This analysis partitions the observed variance in dietary intake into variation within the same slug and between different slugs. A significant within diet pair variation suggests that dietary preferences of one diet versus the other varies over time, whereas a significant between diet pair variation suggests that slugs in different food pairings differ in their preference of one diet over the other. A significant within by between slug interaction suggests that the pattern in food preferences changes differently over time in the three treatments.
As both dietary intake and subsequent growth of slugs was highest on the 31%P diet in the no-choice experiment, we analyzed whether the regulated intake point differed from that expected if slugs fed exclusively on the 31%P diet. The regulated intake point was calculated as the mean total P and C intake of slugs across our three diet pairs. Based on the total amount of diet eaten by each slug, we calculated the expected intake of P and C if slugs had consumed the same amount of the 31%P diet. This expected intake of P and C was then subtracted from the observed intake of these nutrients and the difference tested against a mean of zero using a one sample t-test. Differences in slug growth on the different diet pairs were examined using the same repeated measures MANOVA procedure and post-hoc tests used in the no-choice experiment. We then compared the growth of slugs in the choice experiment to that of slugs restricted to each of the single diets in the nochoice experiment using a repeated-measures MANOVA and post-hoc tests as outlined above. As slug growth did not differ between the choice diet pairs, we pooled the growth data of all slugs in the choice experiment before we compared them to the growth data on each of the three no-choice treatments in the no-choice experiment.
Body composition and post-ingestive nutrient utilization
We examined differences in lipid and crude protein content of slugs in the six treatment groups from both experiments using MANOVA. ANOVAs were used to determine which of the response variables contributed significantly to the overall multivariate effect, and Tukey's HSD post-hoc tests were used to contrast each of the six diet treatments. To examine differences in the utilization efficiency of protein in the six treatment groups, we used analysis of covariance (ANCOVA) with treatment included as the main effect, protein intake as the covariate, and the interaction between the main effect and covariate, with crude protein content as the response variable. The same ANCOVA model was used to examine the utilization efficiency of carbohydrate, except that carbohydrate intake was used as the covariate and lipid content was the response variable. We similarly analyzed the utilization efficiency of ingested energy including energy intake as the covariate and lipid content as the response variable. To determine how the slope of the relationship between the covariate and the response variable differed across treatments, we conducted pair-wise comparisons between treatments using student's t-test [31] calculated as t = (b 1 − b 2 )/s b1 − b2 where b 1 and b 2 are the slopes of diet 1 and 2, respectively, and s b1 − b2 is the standard error of the difference between regression coefficients, calculated as
where (s 2 y,x ) p is the pooled residual mean square calculated as s 2 y;
The degrees of freedom (df) for the test is (n 1 -2) + (n 2 -2), where n 1 and n 2 are the sample sizes in diet 1 and 2, respectively.
Results
Balancing of protein and carbohydrate intake under no-choice
Food intake differed significantly with the diet provided and over time with a significant interaction between the two (Fig. 1A , Table 2 ). The slugs on average ingested more when feeding on the intermediate 31%P diet, less when feeding on the 48%P diet and least when feeding on the 9%P diet over the experiment (Fig. 1A , Table 2 ), with statistically significant differences on a weekly basis from the sixth week of feeding ( Fig. 1A) . The consumption of the intermediate 31%P diet increased at a faster rate over time compared to both the 9%P and the 48%P diet, whereas the rate of increase did not differ between the 9%P and the 48%P diet ( Fig. 1A , Table S2 ).
Slugs that were restricted to a single imbalanced diet would have to balance the over-ingestion of one of the two nutrients that varied in the experiment against the under-ingestion of the other. Over the early weeks of feeding, the intake array did not differ significantly from a slope of −1 (Fig. 2) . Over time, however, the slope became progressively more negative (β ± SE = −0.161 ± 0.017), and was significantly greater than − 1 after the seventh and eighth week of feeding (linear regression, t 7 = 9.651, P b 0.0001, Fig. 2 ). The steep slope by the end of the experiment reveals that the total protein intake by the end of the experiment varied significantly less than the total carbohydrate intake across all slugs feeding on a single diet (Levene's test: F 1,58 = 5.97, P = 0.018; coefficient of variation (CV): CV protein = 42.66%, CV carbohydrate = 47.92%). This indicates that the slugs over time regulated their protein intake more tightly than they regulated their carbohydrate intake. Because we used iso-caloric diets, the greater than − 1 slope of the intake array also demonstrates that the slugs did not eat to maintain equal energy intake across diets ( Fig. 2) . Both diet and time significantly affected slug body mass with a significant interaction between the two (Fig. 3A , Table 3 ). Post-hoc analysis showed that, on average, slugs attained more body mass on the intermediate 31%P diet, less on the 48%P diet and least on the 9%P diet, with significant differences after 6 weeks of feeding ( Fig. 3A , Table S3 ). Slugs feeding on the intermediate 31%P diet had higher growth rates than slugs feeding on both the 48%P diet and the 9%P diet, and the growth rates of slugs feeding on the 48%P diet were higher than those of slugs feeding on the 9%P diet ( Fig. 3A , Table S3 ). The slugs on the 9%P diet were thus far from reaching full growth compensation despite their very high compensatory feeding behavior ( Fig. 2) and remained very small compared to the other slugs (Fig. 3A) .
Balancing of protein and carbohydrate intake under choice
When two diets were provided, the slugs had the chance to balance the intake of protein and carbohydrate by eating different amounts from the two diets in order to attain any specific nutrient intake within the span of the nutrient ratios of the two diets. When provided with the 9%P diet and the 31%P diet, we found a significantly higher diet intake from the 31%P diet than from the 9%P diet over the experiment (paired t-test: t 8 = 7.12, P = 0.0002), with significant differences within most weeks (Fig. 1B) . When provided with the 9%P diet and the 48%P diet, Table 2 Repeated-measures multivariate analysis of variance (MANOVA) on examining the effects of diet and time, plus their interaction, on the intake of diets by slugs in the no-choice experiment. Univariate post-hoc analyses for each diet pair are presented in Table S2 .
Model
MANOVA however, total intake from the two diets did not differ significantly (paired t-test: t 10 = 0.76, P = 0.47) and did not differ within feeding weeks except for last week of feeding (Fig. 1C ). When provided with the 31%P diet and the 48%P diet, the slugs again significantly preferred eating from the 31%P diet (paired t-test: t 7 = 5.90, P = 0.0011) with significant differences from the fifth week ( Fig. 1D ). Within all three diet pairs, slugs provided with the same pair of diets did not differ in their preference (repeated-measures ANOVAs: P N 0.24) but only increased intake over time as they grew larger (repeated-measures ANOVAs: P b 0.0001). Diet pair provided and time both significantly affected the intake of protein and carbohydrate with a significant interaction between the two (Fig. 4 , Table 4 ). The slugs consumed more protein when given the 31%P vs. 48%P diet pair than when given the 9%P vs. 31%P or the 9%P vs. 48%P diet pair, while there was no difference in protein intake between the two latter diet pairs ( Fig. 4 , Table S4 ). The overall effect of time on protein intake was caused by an increased consumption of protein over time on all diet pairs, and the overall interaction between diet pair and time on protein intake was caused by a faster increasing protein intake rate when given the 31%P vs. 48%P diet pair than when given the 9%P vs. 31%P diet pair ( Fig. 4 , Table S4 ). In contrast, slugs given the 9%P vs. 31%P diet pair consumed more carbohydrate than slugs given the 9%P vs. 48%P diet pair and the 31%P vs. 48%P diet pair, while slugs given the 9%P vs. 48%P diet pair consumed more carbohydrate than slugs given the 31%P vs. 48%P diet pair ( Fig. 4 , Table S4 ). The overall effect of time on carbohydrate intake was caused by an increased consumption of carbohydrate over time on all diet pairs, and the overall interaction between diet pair and time on carbohydrate intake was caused by a faster increasing carbohydrate intake rate when given the 9%P vs. 31%P diet pair and the 9%P vs. 48%P diet pair than when given the 31%P vs. 48%P diet pair ( Fig. 4 , Table S4 ). The regulated intake point, estimated as the average protein and carbohydrate intake across the three diet pairs, did not differ significantly from expected intake if the slugs had been restricted to feed on the 31%P diet (protein: t 24 = 1.90, P = 0.070; carbohydrate: t 24 = 1.90, P = 0.070, Fig. 4 ), which maximized slug growth in the no-choice experiment (Fig. 3A) .
In contrast to the no-choice slugs, growth of the choice slugs was not significantly influenced by diet pair (repeated-measures MANOVA: When analyzing the pooled choice treatments as a treatment together with the three no-choice treatments, we still found significant effects of dietary treatment and time as well as of their interaction on slug growth ( Table 5 ). Slugs given a choice between diets grew larger than those fed only with the 9%P diet, and although growth increased with time in both treatments, slugs grew faster over time when given a choice between diets ( Fig. 3 , Table S5 ). The overall growth of slugs on the 48%P diet and those given a choice between diets did not differ significantly, but although there was an increase in growth over time in both treatments, this increase was greater when slugs were given a choice between diets than when restricted to the 48%P diet ( Fig. 3 , Table S5 ). In contrast, there was no difference in growth between slugs given a choice between diets and slugs given the 31%P diet. Although growth increased over time on both treatments, the rates of growth did not increase differently ( Fig. 3 , Table S5 ). In summary, slugs given a choice between diets grew larger than those restricted to the 9%P diet and faster than those restricted to the 9%P or the 48%P diet, but did not differ from slugs restricted to the 31%P diet, which shows that the slugs given a choice between diets were able to attain maximal growth by regulating their intake of specific nutrients.
Body nutrient composition
The body composition of the slugs differed significantly across dietary treatments by the end of the 8 weeks of feeding (MANOVA: Pillai's trace = 1.152, F 10,98 = 13.32, P = 0.0001, Fig. 5 ), which was due to differences in both the lipid and the protein content of the slugs (Univariate ANOVAs, lipids: F 5,49 = 7.52, P = 0.0001; protein: slugs thus clearly resembled the carbohydrate to protein composition of the diets they had eaten (Fig. 5 ). The protein content of slugs restricted to the 9%P diet was lower than that of slugs on all other diets (all P's b 0.05), while the protein content of slugs restricted to the 48%P diet was higher than that of slugs on all other diets (all P's b 0.05). Comparing the 31%P treatment and the three choice treatments, the slugs provided with the 9%P vs. 31%P diet contained less protein than the slugs on the other three treatments (P = 0.044), while these did not differ significantly from each other (all P's N 0.05). In accordance, the lipid content of slugs restricted to the 48%P diet was lower than that of slugs on all other treatments (all P's b 0.05). Slugs provided with the 31%P vs. 48%P diet pair had lower lipid content than slugs on the remaining four treatments (all P's b 0.05), while the lipid content of these (9%P, 31%P, 9%P vs. 31%P and 9%P vs. 48%P) did not differ significantly from each other (all P's N 0.05). The high relative food intake by the slugs restricted to the protein-poor 9%P diet thus resulted in a much higher lipid to protein content in the bodies of these slugs compared to all the other slugs by the end of the experiment (Fig. 5 ). In contrast, the lower relative food intake by the slugs restricted to the protein-rich 48%P diet resulted in a lower body lipid to protein content compared to all other slugs ( Fig. 5 ).
Nutrient utilization
When analyzing protein utilization efficiency, an overall ANCOVA showed that the final protein content of slugs increased with increasing protein intake across diets (F 1,43 = 33.42, P = 0.0001), while there was no effect of diet treatment per se (F 5,43 = 1.65, P = 0.17). There was, however, a significant interaction between diet treatment and protein intake (F 5,43 = 3.62, P = 0.008), indicating that the slope of the relationship between protein intake and final protein content differed across diet treatments (Fig. 6A) . The slope of the relationship between protein intake and final protein content was steeper for slugs restricted to the 9%P diet (t = 3.03-6.07, df = 10-16, P = 0.011-0.0001) and shallower for slugs restricted to the 48%P diet (t = 7.12-12.14, df = 16-19, all P's b 0.0001) compared to slugs on all other diet treatments (Fig. 6A) , while the slopes of this relationship did not differ among the 31%P diet and the three choice treatments (t = 1.02-1.64, df = 11-16, P = 0.13-0.34). The slugs restricted to the protein-poor 9%P diet thus incorporated ingested protein more efficiently into body tissue than slugs on all other treatments, while slugs restricted to the protein-rich 48%P diet incorporated ingested protein into body tissue at a lower efficiency than slugs on all other treatments. When analyzing how efficiently ingested carbohydrate was converted into lipids and allocated to lipid stores, ANCOVA similarly showed that the final lipid content of slugs increased with increasing carbohydrate intake across diets (F 1,43 = 28.86, P = 0.0001), while there was no effect of diet treatment per se (F 5,43 = 1.42.95, P = 0.24). Again, there was a significant interaction between diet treatment and carbohydrate intake (F 5,43 = 4.79, P = 0.001), indicating that the slope of the relationship between carbohydrate intake and final lipid content differed across treatments (Fig. 6B) . The slope of the relationship between carbohydrate intake and final lipid content was steeper for slugs restricted to the 48%P diet (t = 8.19-22.68, df = 16-19, all P's b 0.0001) and shallower for slugs restricted to the 9%P diet (t = 7. 22-20.19 , df = 10-16, all P's b 0.0001), while the slopes of this relationship did not differ among the 31%P and the three choice treatments (t = 0.97-1.33, df = 11-16, P = 0.19-0.42) compared to slugs on all other diet treatments (Fig. 6B ). This shows that the slugs restricted to the carbohydrate-poor 48%P diet converted ingested carbohydrate more efficiently into stored lipids than slugs on all other treatments, while slugs restricted to the carbohydraterich 9%P diet incorporated ingested carbohydrate into stored lipids at a lower efficiency that slugs on all other treatments.
Qualitatively similar results were obtained when analyzing the efficiency of incorporating ingested energy into lipid stores (Fig. 6C ). ANCOVA showed that the final lipid content of slugs increased with increasing energy intake across diets (F 1,43 = 11.88, P = 0.001), while there was no effect of diet treatment per se (F 5,43 = 2.33.95, P = 0.06). Again, there was a significant interaction between diet treatment and energy intake (F 5,43 = 3.63, P = 0.008), indicating that the slope of the relationship between energy intake and final lipid content differed across treatments (Fig. 6C) . The slope of the relationship between energy intake and final lipid content was steeper for slugs restricted to the 48%P diet (t = 7.65-17.12, df = 16-19, all P's b 0.0001) and shallower for slugs restricted to the 9%P diet (t = 8.91-19.29, df = 10-16, all P's b 0.0001), while the slopes of this relationship did not differ among the 31%P and the three choice treatments (t = 0.43-1.01, df = 11-16, P = 0.27-0.55) compared to slugs on all other diet treatments (Fig. 6C ). This shows that the slugs restricted to the carbohydrate-poor 48%P diet converted ingested energy more efficiently into stored lipids than slugs on all other treatments, while slugs restricted to the carbohydrate-rich 9%P diet incorporated ingested energy into stored lipids at a lower efficiency that slugs on all other treatments.
In summary, slugs restricted to feed on one of the two imbalanced diets (9%P or 48%P) increased the utilization efficiency of the nutrient in deficit while decreasing the utilization efficiency of the nutrient in excess compared to slugs that could ingest nutrients in balanced proportions. Likewise, when consuming a diet with increased protein content (48%P) slugs increased their energy utilization efficiency, whereas the reverse was true when consuming a diet high in carbohydrate content (9%P). These different utilization efficiencies show that regulation to reduce nutritional imbalances also occurred by adjusting physiological processes after ingestion.
Discussion
The slug A. lusitanicus occurs as an invasive species across a range of habitat types in northern Europe, where it degrades ecosystem dynamics and damages crops as it forages [17, 18] . Here, we found that the growth and body composition of juvenile A. lusitanicus is highly affected by the specific nutrient composition of its diet. However, our findings also show that A. lusitanicus possess both behavioral and physiological mechanisms that enable them to regulate their intake and utilization of both protein and carbohydrate around an optimal balance that maximizes growth.
Studies on locusts (Locusta migratoria and Schistocerca gregaria) and armyworm caterpillars (Spodoptera littoralis and Spodoptera exempta) suggest that host-plant generalist and specialist herbivores apply different rules of compromise when encountering a nutritionally imbalanced food source [3, [32] [33] [34] . Ingesting an equal mass of carbohydrate and protein across diets varying in the composition of these macronutrients is commonly associated with generalist feeders [3] . In contrast, specialist feeders tend to avoid over-ingesting the abundant nutrient relative to the intake target [3] . The intake arrays during the first six weeks of feeding by the slugs therefore conform to a nutritional rule of compromise that is typical for generalists. However, a generalized feeding ecology might reflect specialized nutritional requirements, as generalists may compose an overall balanced diet by consuming complementary imbalanced food sources.
After longer term restriction to the single diets, the intake array progressively developed a steeper slope, which demonstrates that slugs over a longer term prioritized ingesting a certain amount of protein at the cost of more variable carbohydrate intake. They were thus prepared to over-ingest large amounts of carbohydrate in order to increase protein intake when feeding on the protein-poor 9%P diet, whereas they over-ingested protein to a lower extent when feeding on the carbohydrate-poor 48%P diet (Fig. 2) . Such prioritization of protein intake at the cost of over-or under-ingestion of carbohydrate has been shown before in other omnivorous animals [10, 35] . It is also suggested to be a key factor in the development of obesity in humans, known as the protein leverage hypothesis [10, 11] , and our results provide strong further evidence for this mechanism.
Our results showed that growth in A. lusitanicus is highly sensitive to nutrient balance in the diet and especially to ingesting a sufficient ratio of protein. However, animals with different life histories might not have equally specialized requirements with regards to consuming a nutritionally balanced diet. In a recent study comparing two species of Pardosa wolf spiders with dissimilar inherent growth rates, growth was severely inhibited in the species with fast growth rates when restricted to a diet with a low protein:lipid ratio, whereas growth in the species with slower growth rates was much less affected [36] . Fast growth is a trait typically associated with invasive species [37, 38] , and descriptions from the field indicate that A. lusitanicus grows very fast [16] . Growth in A. lusitanicus might therefore be more dependent on ingesting a balanced diet rich in protein compared to their non-invasive relatives.
The slugs given a choice between diets regulated their intake ratio of protein and carbohydrate with sufficient precision to match their requirements for growth on all choice treatments ( Fig. 3 ). However, specific nutrient intake was highly affected by the combination of diets provided (Fig. 4 ). This imprecise regulation might be caused by an inherent liking for novel food sources, known as neophilia, which has previously been suggested to be an important mechanism affecting dietary choice in slugs [39] [40] [41] [42] . Another explanation could be that slugs consume large amounts of food once a nutrient-rich food source is located. As locomotion in slugs is slow and the distribution of food sources can be highly unpredictable, the slugs may have evolved a behavior of feeding extensively on a food source once located regardless of nutritional imbalances. This would particularly be advantageous if post-ingestive mechanisms can subsequently be applied to rebalance net nutrient gains.
We found strong evidence that A. lusitanicus could compensate partially for nutritional imbalances in its diet by increasing or decreasing the utilization efficiency of either nutrient, as well as of total ingested energy ( Fig. 6 ). Similar post-ingestive regulation of protein has been shown in some arthropods [4, 43, 44] , and most likely reflects an ability to use the carbon chains in the proteins for metabolic energy while voiding the amino groups [45] . In response to increased carbohydrate intake, locusts were found to increase respiration in response to feeding on a carbohydrate-rich diet [46] . Similarly, mice increased the mass of brown adhesive tissue to burn off excessive carbohydrate as heat when restricted to a carbohydrate-biased diet [47] . Regulation of the metabolic rate is therefore a plausible mechanism for the post-ingestive regulation of excessive energy intake in A. lusitanicus.
An additional possibility for post-ingestive nutrient regulation is differential absorption of specific nutrients in the gastrointestinal tract. For example, the gastrointestinal tract of mice shows a plastic response to diets differing in the ratio of protein to carbohydrate [48] , and there is evidence that locusts can absorb nutrients selectively from the gastrointestinal tract by regulating the release of digestive enzymes [49] . We have shown that A. lusitanicus possess post-ingestive mechanisms to balance net nutrient gains, but further investigation is needed to reveal the specific mechanisms that are used to regulate nutrients postingestively in A. lusitanicus.
Overall, our study shows that A. lusitanicus possesses both behavioral and physiological mechanisms to regulate protein and carbohydrate and, in doing so, the slugs are able to approach the nutritional target for these nutrients. Like A. lusitanicus, invasive species are normally characterized as broad feeding generalists [50] [51] [52] and thus feed on a range of foods that are likely to vary in nutrient composition. Our results also suggest, however, that invasive species are likely to be dependent on a more specialized diet with a high proportion of protein in order to support high rates of growth [37, 38] . This may further explain why invasive species including A. lusitanicus often thrive in cultivated habitats, as these are normally well fertilized with nitrogenous compounds which increases plant protein content [53, 54] . This prediction could be explicitly tested by applying the geometric framework to related invasive and non-invasive species and comparing nutrient regulation compromises and capabilities and the subsequent effects of nutritional imbalance on performance.
